The purpose of this study was to examine the growth and morphology of a salivary epithelial cell line (HSG) in vitro on several biodegradable substrata as an important step toward developing an artificial salivary gland. The substrates examined were poly-(L)-lactic acid (PLLA), polyglycolic acid (PGA), and two co-polymers, 85% and 50% PLGA, respectively. The substrates were formed into 20-to 25-mm disks, and the cells were seeded directly onto the polymers or onto polym ers coated with specific extracellular matrix proteins. The two copolym er substrates became friable over time in aqueous media and proved not useful for these experiments. The purified matrix proteins examined included fibronectin (FN), laminin (LN), collagen I, collagen IV, and gelatin. In the absence of preadsorbed proteins, HSG cells did not attach to the polymer disks. The cells, in general, behaved similarly on both PLLA and PGA, although optimal results were obtained consistently in PLLA. On FN-coated PLLA disks, HSG cells were able to form a uniform monolayer, which was dependent on time and FN concentration. Coating of disks with LN, collagen I, and gelatin also promoted monolayer growth. This study defines the conditions necessary for establishing a monolayer organization of salivary epithelial cells with rapid proliferation on a biodegradable substrate useful for tissue engineering.
INTRODUCTION M
AM M A LIA N SAL IV AR Y GLA N DS are compact parenchymal tissues consisting of both secretory and absorptive epithelial cells. 1 Acinar cells comprise the major glandular cell type. They are salt secreting and are considered to be the exclusive site of fluid movement in these glands. 1, 2 Ductal cells are salt absorbing and are considered to be relatively water impermeable. 1, 2 Importantly, both epithelial cell types exist as a continuous, polarized monolayer along an extensively arborized luminal system, which opens directly into the mouth. 1 The principal purpose of these glands is to secrete saliva, an exocrine secretion that
MATERIALS AND METHODS

Polymer disk preparation
Two-dim ensional films of poly-(L)-lactic acid (PLLA) (Boehringer Ingelheim Inc., Winchester, VA), polyglycolic acid (PGA), and two copolymers, 50/50 PLGA and 85/15 PLGA (Alkermes, Cincinnati, OH) were produced by melt-processing polymer pellets between sheets of aluminum foil using a Carver press at 350°F, 450°F, 175°F, and 200°F for PLLA, PGA, 50/50 PLGA, and 85/15 PLGA, respectively, to create disks with diameters of 20-25 mm. The disks were sterilized using gamma-irradiation for , 150 min with a dose of 2.01 Mrad.
Matrix proteins
Extracellular matrix proteins were obtained from the following sources: collagen I (Vitrogen; Collagen Biomaterials, Palo Alto, CA), collagen IV (Trevigen, Gaithersburg, MD), and laminin (LN; Gibco BRL, Gaithersburg, MD). Human fibronectin (FN) was prepared as described by Miekka et al. 11 Gelatin was obtained from ICN Pharmaceuticals, Inc. (Costa Mesa, CA).
Cell culture
HSG cells were a generous gift from Prof. M. Sato (Tokushima University, Japan) 12 and were maintained in vitro as previously described. 13 For the experiments presented herein, HSG cells were removed from confluent plates using a solution of Versene 1:5000 in Hanks' balanced salt solution without calcium and magnesium (BioFluids, Rockville, MD). Cells were then resuspended in fresh media consisting of a 1:1 mixture of Eagle's minimal essential medium, Dulbecco's modification, and Ham's F-12 supplemented with 2 mM glutamine (BioFluids, Rockville, MD), 10% fetal calf serum (FCS; Hyclone, Logan, UT), and 100 units/mL penicillin, 100 m g/mL streptomycin, and 2.5 m g/mL fungizone (BioFluids, Rockville, MD).
Matrix protein adsorption to polymer disks
The sterilized disks were either immersed in phosphate-bu ffered saline (PBS; Gibco BRL, Grand Island, NY) or coated with one of the follow ing proteins in PBS: collagen I, FN, gelatin, collagen IV, or LN. Disks were coated by incubation in solutions of the different matrix proteins for 18 h. In several experiments, disks were also coated with FCS. Thereafter, the individual disks were gently placed in each well of a sixwell tissue culture plate (Becton Dickinson, Franklin Lakes, NJ) and incubated at 37°C for , 18 h. If appropriate (see figure legends), the coated disks were next blocked for 1 h with bovine serum albumin (BSA; Calbiochem-Novabiochem Corp., La Jolla, CA) at 37°C and then gently washed twice with PBS. BSA was used to occupy remaining nonspecific adsorption sites for matrix proteins on the disks, thereby preventing nonspecific cell adherence.
14 Cell suspensions were added to the wells in complete culture media (i.e., with FCS) and incubated at 37°C.
Measurement of HSG cell number and organization
At the indicated times, the disks were removed from wells, washed twice in PBS, and then stained with 0.2% crystal violet in 20% ethanol for 20 min. Next, the disks were rinsed twice with PBS and examined under a light microscope using 1003 magnification. Three randomly selected photomicrographs were obtained from each specimen using 200 ASA color slide film (Elite chrome, Kodak, Rochester, NY). Thereafter, the slides were scanned to convert them to digital images. Using Adobe Photoshop ® , three 200-m m 2 regions were randomly chosen from each field; the cell number was determined manually and cell organization was studied. Cell number was counted directly from the scanned image on a printed computer display. Organization was assessed for the presence of a monolayer, size of cells, existence of clumps, presence of spaces between cells, as well as the relative homogeneity and overall morphology of the cells in culture.
RESULTS
HSG cell growth on different polymers
In the absence of any protein coating, HSG cells were unable to attach to any polymer surface examined by us (not shown). However as shown in Fig and grow on all of the biodegradable polymers, i.e., PLLA, PGA, and the 50/50 and 85/15 copolymers. Cells grown on PLLA and PGA were similar in appearance and morphology, but quite different from cells grown on both copolym ers. Growth on the latter appeared to result in an uneven cell distribution. It was difficult to use both copolymers because they were brittle in the aqueous medium and fragmented easily over time in culture. Hence, further studies utilized only the PLLA and PGA disks.
HSG cell growth in the presence of different matrix proteins
HSG cells (5 3 10 5 cells/mL) were seeded on disks coated with different matrix proteins, incubated for 24 h, and then stained with crystal violet. Results of initial experiments comparing PLLA and PGA disks were quite similar regarding the effect of each matrix protein coating on HSG cell growth, although backgrounds tended to be lower, and signals higher, with PLLA. For that reason we chose to examine in detail only cell-to-matrix protein interactions on PLLA disks. In the absence of any protein coating, or if the PLLA disks were first blocked with BSA overnight and then coated with 10% FCS, little to no HSG cell attachment occurred (Fig. 2) . Conversely, all of the other protein solutions used were able to mediate cell attachment to polymer disks. As a positive control, 10% FCS was used without pretreatment with BSA. In the presence of FCS we observed , 850 cells/mm 2 . When disks were coated with either FN, LN, or gelatin, HSG cell adherence was somewhat higher (, 900-1000 cells/mm 2 ). When the disks were coated with either collagen I or IV, levels of cell adhesion were similar to those seen with 10% FCS (Fig. 2) . Results with FN showed the least variability in cell number, and the most consistent monolayer morphology. For these reasons, and particularly because FN is a human protein that can be readily obtained, we chose to examine in more detail the FN-mediated adherence of HSG cells to the PLLA disks.
Kinetic evaluation of HSG cell growth and morphology on FN-coated PLLA disks
At different time points after seeding of HSG cells on the PLLA disks, we examined their growth and appearance (Fig. 3) . For these experiments, the PLLA disks were coated with FN (20 m g/mL), and the cells were incubated for up to 5 days. As shown in Fig. 3 , HSG cell growth was time dependent. Cell number increased slowly over the first 2 days and then in rapid, exponential fashion until day 4. Thereafter, cell 
Effect of FN concentration on HSG cell growth
We lastly examined HSG cell growth over 72 h on PLLA disks coated with different concentrations of FN ranging from 0.02 to 20.0 m g/mL (Fig. 4) . The effect of FN coating was concentration-depende nt. Halfmaximal growth occurred with , 0.2 m g/mL FN coated onto the disks, with maximal growth seen at both 2.0 and 20 m g/mL FN.
DISCUSSION
The purpose of this study was to examine the ability of different biodegradable polymers to support the growth of a human salivary epithelial cell line in the presence of purified matrix proteins. As such, the study represents an important step toward the developm ent of an artificial salivary gland for individuals whose secretory tissue has been lost. Patients who have lost all functional salivary epithelium , e.g., those with Sjö-gren's syndrome or post-irradiation for head and neck cancer, experience severe salivary hypofunction resulting in a markedly diminished quality of life. There is no effective conventional therapy for these patients. In the absence of glandular epithelium, pharmacological therapies using secretogogues, 15 or gene therapy, 16 are not possible. Although salivary gland transplantation is an option, 17 it is not likely to be practical because of an insufficient donor supply, the need for continuous immunosuppression, and the surgical difficulty.
Using now well-accepted principles of tissue engineering, 18, 19 we have begun to explore the fabrication of an orally implantable fluid-secreting device. Homopolymers of lactic or glycolic acid, or certain of their copolymers, are biocom patible and have been useful as scaffolds in efforts to build other artificial tissues. [20] [21] [22] As a model test cell, we employed the HSG cell line. 12 HSG cells are well-studied, [23] [24] [25] [26] and exhibit functionally coupled neurotransm itter receptors, 27, 28 intact Ca 21 signaling systems, 29, 30 and various ion channels and transporters 31 ; all of these systems are necessary to generate the osmotic gradients required for saliva formation. 1,2 Additionally , HSG cells respond to extracellular matrix signals that can direct morphologic al and genetic differentiation. [32] [33] [34] Furthermore, HSG cells are useful for gene transfer 35 and are known to use established salivary cell-specific promoter elements. 36 Because native salivary epithelia exist essentially as a monolayer lining a lumen, 1 the ideal substratum should induce the formation of a monolayer of polarized cells. Therefore, we focused on determining conditions that would stimulate HSG cell growth on the various polymers as a continuous monolayer. Both copolymers used by us (50/50 and 85/15 PLGA) proved too brittle for the manipulations required in our experiments. Both homopolyme rs, PLLA and PGA, supported HSG cell growth and organizational behavior when coated with certain individual matrix proteins. However, results with PLLA were considerably more reproducible and less variable. In general, cell growth on substrates coated with either pure FN or LN provided optimal results, i.e., highest cell number and continuous monolayer, while growth on either native (I, IV) or denatured (I, gelatin) collagens was not as effective in this regard. FN is relatively easy to purify in substantial amounts from human plasma, compared to LN which must be extracted from basement membranes. Thus, FN appears to be preferable as a coating for support of salivary epithelial cell growth on these biodegradable substrates.
If an allogeneic cell line is desired, HSG cells are a valuable candidate. However, as a cell line, they possess unlimited growth potential. For this reason our future plans include incorporating the use of a suicide gene as a safety factor with these cells to limit possible host compromise. Also, they have not yet been shown to express facilitated water permeability pathways 37 such as those needed for stimulus-coupled salivary flow. Furthermore, although HSG cells yield a classic epithelioid "cobblestone" appearance when grown on FN-coated PLLA, it needs to be established if these cells are both functionally polarized and possess functional junctional complexes such as required for unidirectiona l fluid secretion. 38 HSG cell use may require substantial genetic engineering to obtain the needed cellular characteristics. Conversely, the use of autologous, amplified epithelial cells for a graft device would be ideal, but the growth of acinar (fluid-secreting) mammalian epithelial cells in vitro has thus far been elusive. Although the current studies demonstrate significant progress toward our desired goal, the development of an artificial salivary gland will require considerable additional work. 
